Abstract: Controlled rocking steel braced frames (CRSBFs) are intended to have a self-centering response that avoids damage to main structural elements. To ensure that all nonlinearity is confined to the intended elements at the rocking joint, the frame must be adequately capacity designed. This requires accurate predictions of the peak forces that are likely to develop in all members of the frame while the rocking mechanism reaches its peak rotation. Previous studies have shown that the peak forces in CRSBF members are likely to be strongly influenced by higher mode effects, but these effects can be mitigated by designing multiple nonlinear mechanisms. This paper proposes methods for estimating the peak forces in frame elements, designing an additional mechanism if it is desired to mitigate higher mode effects, and predicting the reduction in response that will be achieved by adding this mechanism. The methods are validated by designing buildings with two, six, and 12 stories, including three alternative designs that use multiple mechanisms to mitigate the higher mode effects. The six frames are modeled using OpenSees and are subjected to 44 ground motions at the maximum considered earthquake level. The peak forces in the taller frames without additional mechanisms are dominated by higher mode effects, but these effects can be estimated using the proposed method. These forces can also be reduced by designing multiple mechanisms, and the proposed method provides a reasonable design-level prediction of this force reduction.
Introduction
Many lateral force-resisting systems for buildings can be designed economically to provide life safety during a design-level earthquake, but most of these systems are expected to be difficult to repair after a moderate or larger event. Therefore, alternative self-centering systems are being developed to avoid damage and residual deformations. One such system is a controlled rocking steel braced frame (CRSBF), which has been studied experimentally (Midorikawa et al. 2006; Tremblay et al. 2008a; Ma et al. 2010; Sause et al. 2010; Wiebe et al. 2013a, b; Eatherton et al. 2014 ) and has also been implemented in practice (Gledhill et al. 2008; Mar 2010; Latham et al. 2013; Tait et al. 2013) . Part I (Wiebe and Christopoulos 2014) proposes a general framework for the design of CRSBFs and validates a method for designing the base rocking joint to achieve a predetermined maximum response, assuming that all members of the CRSBF were adequately designed to remain linear elastic.
Although CRSBFs can withstand multiple large earthquakes without structural damage, studies have also shown that the seismic force demands on CRSBFs may not be effectively limited by the rocking mechanism because of higher mode effects. Methods for estimating the peak seismic forces in CRSBFs, including the influence of the higher modes, have been proposed by Roke et al. (2009) , Eatherton and Hajjar (2010) , and Ma et al. (2011) . Higher mode effects can be mitigated by designing multiple force-limiting mechanisms, as was demonstrated in a large-scale shake table test program (Wiebe et al. 2013a, b) . However, no proposals have previously been made for the design of multiple forcelimiting mechanisms to mitigate higher mode effects in CRSBFs.
This paper begins by developing a theory-based method for estimating the peak seismic forces, including higher mode effects, in the members of a CRSBF. The method is intended to be applied at the preliminary design stage: it does not require any structural modeling and can easily be implemented in a spreadsheet. If this method shows that higher mode effects dominate the response, a designer may wish to design one or more additional force-limiting mechanisms.
This paper also presents a method for designing an upper rocking joint or a nonlinear brace to control the peak forces in the system. The paper validates these proposals by applying them to example designs of buildings with two, six, and 12 stories. The buildings are modeled using OpenSees, and the peak system forces at the maximum considered earthquake (MCE) level are compared to the design estimates. The influence of an additional forcelimiting mechanism on the peak displacement response is also discussed.
Method to Estimate Peak Element Forces
Although code-based lateral force distributions can be used to relate the design base shear to the design base overturning moment, these distributions do not capture the shapes of the nonlinear dynamic story shear and overturning moment envelopes, which are often strongly influenced by the higher modes (e.g., Wiebe et al. 2013a, b) . As an alternative, this paper proposes a procedure that is based on an analogy to continuum shear beams with uniformly distributed mass and elasticity, as detailed by Wiebe (2013) . The steps of the proposed capacity design method are shown in Fig. 1 and discussed in the following subsections.
Although this paper considers only lateral modes when referring to higher mode effects, the impact and uplift associated with rocking can also excite vertical modes of vibration. Pollino and Bruneau (2008) have proposed equations to estimate these effects without nonlinear time-history analysis for bridge piers where the mass is concentrated in one location. However, if the CRSBF is designed to avoid carrying significant gravity load, as is recommended (Wiebe and Christopoulos 2014) , the dynamic effects of impact are unlikely to substantially increase the peak member force demands (Wiebe 2013) . To define the maximum allowable gravity load on the CRSBF before impact effects need to be considered, the following limit is defined based on comparing the maximum compression in the first-story column without any dynamic amplification to the compression in that column at zero base rotation if a dynamic amplification factor of two applies to the gravity load:
where PT y and PT 0 = yield and initial forces in the posttensioning, respectively, and W self = total vertical load carried by the CRSBF. Similarly, it is proposed that vertical ground accelerations can be neglected for the design of the CRSBF if Eq. (1) is satisfied.
Calculation of Base Overturning Moment at Maximum Expected Rotation
The base overturning moment associated with θ max , the maximum expected base rotation at the MCE level, is calculated as
where ED θ and PT θ = forces in the energy dissipation and posttensioning elements at θ max , including the effects of cyclic strain hardening; and where d W , d ED , and d PT = minimum distances from the rocking toe to the line of action of the self-weight, each energy dissipation element, and each posttensioning element, respectively.
Checking whether Three Modes are Adequate for Design Envelopes
Wiebe (2013) showed that the response of a structure that behaves like a shear beam (typical low-rise to midrise buildings) may be computed using only the first three modes if T 1 ≤ 3T S , where T 1 , the fundamental period, may be estimated as 0.07h 0.75 n (Kwon and Kim 2010) , and where T S is the corner period of the acceleration spectrum, calculated according to ASCE 7-10 (ASCE 2010). If T 1 > 3T S , modes beyond the third should be included by referring to the equations given by Wiebe (2013) . The number of modes is considered to be limited to the number of floor levels.
Determination of Higher-Mode Spectral Accelerations
The spectral accelerations associated with each mode are then determined. Wiebe (2013) showed that the higher-mode periods of a shear beam are nearly independent of the base rotational restraint. Thus, the second-mode and third-mode periods can be estimated as T 2 ¼ T 1 =3 and T 3 ¼ T 1 =5, respectively. Although these period estimates could be updated based on the results of modal analysis after the frame has been designed, the examples in this paper suggest that reasonable design estimates of the peak forces are found using these simplifications.
Calculation of Story Shear and Overturning Moment Design Envelopes
Based on the above calculations, the modal contributions to the shear force and overturning moment envelopes (V max and M max , respectively) are found using the equations given in Table 1 , which are based on the theoretical modal properties of a cantilevered shear beam with uniformly distributed mass and stiffness and are fully developed by Wiebe (2013) . These equations do not require a structural model of the CRSBF because they use only the overstrength base overturning moment resistance (M b;max ), the height of each story above the base (z), the height of the CRSBF (H), the tributary seismic mass (W trib =g), and the fivepercent-damped spectral accelerations at one-third and one-fifth of the fundamental period [S a ðT 1 =3Þ and S a ðT 1 =5Þ]. It is recommended to account for uncertainties in the ground motion by targeting the 84th-percentile acceleration spectrum rather than the median acceleration spectrum. For the suite of FEMA P695 records (FEMA 2009) , this results in a spectral amplification of approximately 1.5 at periods of less than 2 s. Using the first three modes, the modal contributions are combined by assuming that the peak response is reached in the first mode and sustained, and that the higher modes are superimposed on that first-mode response but are statistically independent of one another 
Further discussion of these modal combinations is provided by Wiebe (2013) .
Optional Method to Design Higher Mode Mitigation
The members of the CRSBF can be designed for the forces associated with the design envelopes given in Eqs. (3) and (4), as described later. However, if the higher modes dominate the design envelopes (i.e., the second term of Eq. (3) or (4) is greater than the first term), the designer may wish to consider mitigating the higher mode effects. Wiebe et al. (2013a, b) experimentally validated two techniques for doing this: designing multiple rocking joints and designing a nonlinear brace at the first story. This paper considers the design of either an upper rocking joint or nonlinear braces at the first story, but a similar approach can be used to design multiple additional rocking joints or nonlinear braces.
Design of Upper Rocking Joint
To be effective, an upper rocking joint must activate at a load that is both low enough to limit the response in the higher modes and also high enough to prevent the deformation demand for the system from concentrating at the upper rocking joint. To meet the latter requirement, the following two conditions are proposed: the upper and base rocking joints, respectively. The right side of Eq. (5) is the overturning moment at the upper rocking joint when the base moment is equal to the maximum expected base rocking moment, assuming an inverted triangular distribution of lateral forces. Once the target values for M upper;rock and β upper have been determined, the upper rocking joint can be designed in the same way as the base rocking joint (Wiebe and Christopoulos 2014) , using only the weight above the upper joint to calculate W self and W trib . To maximize the effectiveness of the upper joint, it is recommended that Eqs. (5) and (6) be satisfied with as little margin as is practicable.
Modification of Design Envelopes to Account for Influence of Upper Rocking Joint
After the upper rocking joint has been designed, the force demands on the other members of the CRSBF must be determined, accounting for the beneficial effect of the upper joint. As shown schematically in Fig. 2 , it is proposed to estimate first-mode contribution to the overturning moment envelope as bilinear between the resistance of the base rocking joint at θ max , the resistance of the upper rocking joint at the maximum expected upper joint rotation, and zero at the roof. The maximum expected base rotation is assumed to be unaffected by the presence of the upper joint, and the maximum expected upper joint rotation is assumed to be equal to the maximum expected base rotation. Next, the contributions from the higher modes are estimated using the equations from Table 1 as though the two sections of the controlled rocking system were separate [i.e., calculating ðz=HÞ as a fraction of the height of the section being considered and using only W trib for that section]. The modal moment contributions are then combined using Eq. (4). The same assumptions were found to result in poor estimates of the shear force envelope. Instead, it is proposed to estimate the contribution from the first mode as being equal to what it was estimated as for the system with rocking only at the base, while estimating the contributions from the higher modes as half of what they were with rocking only at the base (i.e., dividing the expressions that are given in Table 1 for the higher-mode contributions by two). The modal shear contributions are then combined using Eq. (3).
Once the overturning moment and shear envelopes have been determined, the member design demands are calculated in the same way as is recommended when rocking occurs only at the base. The upper rocking joint is detailed in a similar way as the base rocking joint.
Design of Nonlinear Brace(s)
Another higher mode mitigation technique is to replace the braces in one story with braces that are intended to behave nonlinearly. Since the brace force demands are related to the story shears, which are largest at the base, this paper only considers nonlinear braces in the first story. To avoid undesirable residual deformations and damage to the system, only self-centering energy dissipative (SCED) braces ) are considered.
Like an upper rocking joint, a nonlinear brace must activate at a load that is both low enough to limit the response in the higher modes and also high enough to prevent the deformation demand for the system from concentrating in the brace. To meet the latter requirement, the following condition is proposed:
where F act = activation force for the nonlinear brace; and where F brace j V b;brace design = force in that brace at the design base shear for brace design, given in Eq. (8). Preliminary analyses showed that the deformation demand at the first-story level may be excessive if the SCED is designed to activate at the same base shear that causes rocking under an inverted triangular distribution of loads. Therefore, it is proposed that 25% of the second-mode design base shear from Table 1 be added to obtain the design base shear associated with the activation load
As shown later, this assumption led to desirable results for the analyses considered in this paper. The factor of 1.5 in Eq. (8) is derived from the assumed inverted triangular force distribution in the first mode and is not related to the design acceleration spectrum.
The energy dissipation parameter is proposed to be at least
Although it may not be necessary for the nonlinear brace to have any energy dissipation capacity, this has not been considered within the scope of this work. The proposed value for β SCED is slightly less than the value used by Tremblay et al. (2008b) , but it is consistent with the lower-bound values used by Erochko (2013) . To prevent damage to the nonlinear brace, it is proposed to connect it using an external fuse that slips at the brace deformation that corresponds to a first-story drift of 1%. External fuses, consisting of slip-critical slotted connections, have been proposed by Tremblay et al. (2008b) and validated by Erochko et al. (2013) .
Modification of Design Envelopes to Account for Influence of Nonlinear Brace(s)
Once the nonlinear brace has been designed, the force demands on the other members of the CRSBF must be determined, accounting for the beneficial effect of the nonlinear brace. To calculate the shear force and overturning moment design envelopes, it is proposed to estimate the contribution from the first mode as being equal to what it was calculated as for the system with linear brace elements (Table 1) . Since the force in the nonlinear brace is limited by the external fuse, the maximum base shear is limited directly to V b;slip . Therefore, it is proposed to scale the second-mode envelopes such that the total base shear from the first two modes is equal to the maximum base shear permitted by the nonlinear brace. That is, the second-mode envelopes from Table 1 are multiplied by the higher mode reduction factor ν
where M b;max and V 2;max ðz ¼ 0Þ are given by Eq. (2) and in Table 1 , respectively. The nonlinear brace is unlikely to be effective unless V b;slip is small enough that ν is less than one. Because the second mode is assumed to cause the nonlinear brace to reach its maximum possible load, the third and higher modes are assumed not to generate any additional force demand. The modal contributions are combined using Eqs. (3) and (4).
Design of Frame Elements, Shear Transfer Devices, Diaphragms, and Collectors
After the design shear and overturning moment envelopes have been calculated as described above, they are used to calculate the elastic force demands on the frame elements and shear transfer devices. There is no single lateral force distribution that is associated with all capacity design forces, just as there is no single lateral force distribution that is associated with all response quantities in a conventional response spectrum analysis. To calculate the capacity design demands for each brace element from the design shear force envelope, the larger of the shear force demands at the top and bottom of each story is used. Similarly, to determine the capacity design demands for each vertical element, the larger of the overturning moment demands at the top and bottom of each story is used. In addition, local effects from posttensioning and energy dissipation anchorages, as well as from rocking, must be considered. Sliding may occur in response to shear at a rocking joint, and because it is not associated with a restoring force, it results in residual deformations that should be prevented at the immediate occupancy (IO) performance level. At the collapse prevention (CP) performance level, although sliding may be desirable (Sideris et al. 2014 ), this has not yet been studied for CRSBFs and therefore is not proposed to be permitted at any considered level of seismic response or wind loading. Likewise, although some studies of controlled rocking concrete walls have suggested that sliding can be prevented simply by verifying adequate frictional resistance (e.g., Kurama et al. 1999 ), this is not recommended because it has not been validated in dynamic tests of any CRSBF. The rocking joint should be designed to transfer the maximum shear that is expected at the CP performance level, computed using Eq. (3), while the joint rotation is equal to the maximum rotation permitted by the lock-up device. A bumper system is recommended for transferring this shear because it has been validated in several studies (Roke et Floor diaphragms and collector elements must be designed for the expected peak floor accelerations at the CP performance level. The floor acceleration envelope can be calculated in a similar way to the shear and moment envelopes, as described by Wiebe (2013) .
After the members of the frame have been designed, the deflections under wind loading can be checked in the same way as for a conventional nonuplifting frame because the frame is designed to avoid uplift under wind loads.
The members of a CRSBF are not intended to dissipate seismic energy by yielding or buckling. Therefore, although failure of the connections between the members of a CRSBF would likely lead to a major loss of lateral load resistance, it is considered adequate to design the frame connections for the same forces as the frame members. Similarly, the beams in a chevron-braced frame need not be designed for the unbalanced forces associated with buckling of the compression brace.
Design of Prototype Structures

Designs without Higher Mode Mitigation
The proposed capacity design method was applied to frames with two, six, and 12 stories. These frames were designed to rock at loads associated with force reduction factors of 9, 30, and 16.3 relative to an MCE-level design spectrum. The two-story and six-story frames were designed to achieve the maximum possible energy dissipation while remaining self-centering, and the 12-story frame was designed with no supplemental energy dissipation. Part I (Wiebe and Christopoulos 2014) gives further details regarding the building properties, the design spectrum, the ground-motion suites, and the base rocking joint designs.
The purpose of the proposed capacity design method is to provide an acceptable level of certainty that frame members will respond in the elastic range. Therefore, the capacity design demands were not based on the median acceleration spectrum from the ground-motion suite, but instead were based on the 84th-percentile acceleration spectrum, which was calculated assuming a lognormal distribution of spectral accelerations at each period. Fig. 3 summarizes the story shear and overturning moment capacity design envelopes that were used to design the members. The final designs for the frames without higher mode mitigation are shown in Fig. 6 of Part I (Wiebe and Christopoulos 2014) .
Designs with Higher Mode Mitigation
The capacity design envelopes for the two-story frame [ Fig. 3(a) ] were dominated by the first mode, but the envelopes for the six-story and 12-story frames [Figs. 3(b and c)] were dominated by the second mode, which is not limited by the base rocking mechanism. Therefore, alternative designs were also considered to mitigate the higher mode effects in these frames.
For the six-story frame, a second rocking joint was designed at the second floor level, where the overturning moment was largest [ Fig. 3(b) ]. No change was made to the base rocking joint, the posttensioning was continued over the full frame height, and the same energy dissipation device was specified at the upper joint as at the base to achieve the desired overturning moment resistance and energy dissipation.
For the 12-story frame, a second rocking joint was designed at the fifth floor level, where the overturning moment was largest [ Fig. 3(c) ]. Allowing a gap to open at this level while transferring the story shear was the only required change according to the recommendations of this paper; no supplemental energy dissipation was provided at the upper rocking joint.
The 12-story frame was also redesigned with self-centering energy dissipating (SCED) braces. A preliminary SCED brace design was evaluated using the SCED mechanics simulator developed by Erochko (2013) and found to have an activation load of 3,100 kN, an initial stiffness of 1; 550 kN=mm, a postactivation stiffness ratio of α ¼ 0.06, and an energy dissipation parameter of β ¼ 1. To prevent damage to the SCED brace due to excessive deformation demand, the brace was designed to be connected using a slip-critical slotted connection that serves as an external fuse. The fuse is specified to slip at a brace elongation of 30 mm, which corresponds to a first-story drift of 1.0% and a brace force of 5,700 kN. Fig. 4 compares the capacity design envelopes for the six-story and 12-story frames with and without higher mode mitigation. When the frames were redesigned for the reduced forces, the total amount of steel was reduced by 26% for the six-story frame, and by 39 and 40% for the 12-story frames with two rocking sections and with a SCED brace, respectively.
The members of all frames were able to carry the factored wind loads, and the deflection of each frame at the serviceability level was less than 0.25% of the height of that frame.
Seismic Response of Prototype Structures
Modeling of Structure and Selection of Ground Motions
The six frames were modeled using OpenSees and subjected to suites of 44 records at the MCE and design basis earthquake Fig. 3 . Capacity design envelopes: (a) two-story frame; (b) six-story frame; (c) 12-story frame (DBE) levels, in the same way as described in Part I (Wiebe and Christopoulos 2014) . The SCED braces were modeled using corotational trusses with the self-centering material, where the properties were given in the previous section. The first-mode period of the six-story frame with two rocking joints was 1.14 s, and the first-mode periods of the 12-story frames with two rocking joints and with SCED braces at the first story were 2.24 s and 2.09 s, respectively. One out of 44 MCE-level records caused instability in the numerical models of both 12-story frames with higher mode mitigation after they reached a roof displacement of approximately 10%. This record is not included in the following results; however, such collapses may be preventable by including a lock-up device, as recommended in Part I (Wiebe and Christopoulos 2014). The influence of any unintended member nonlinearity was not considered in this study.
Story Shears and Brace Forces
The left side of Fig. 5 shows the peak story shears for the frames without higher mode mitigation during the MCE suite of records. The shears at each time step were calculated as the sum of the contributions from the braces and the column shears. The peak story shears of the two-story frame were overestimated by the proposed capacity design method, although they would be captured well if the method had not included the second mode. This is because the design equations in Table 1 are based on a cantilevered shear beam with uniformly distributed mass and stiffness (Wiebe 2013) , and this approximation is unnecessarily conservative for such a lowrise building. However, the design envelope captures the 84th-percentile story shear envelopes reasonably well for the taller frames. A less conservative spectrum could be used to generate less conservative capacity design forces, but some degree of conservatism is appropriate because the design intent is to avoid damage to the structural elements.
During design, the peak story shears were assumed to be carried entirely by the braces, and the analytical results confirmed that the braces carried more than 95% of the story shear in almost all cases. The right side of Fig. 5 compares the peak brace forces from the Each point on the story shear envelope represents the constant shear in the story above nonlinear time-history analyses to the design estimates. Like the estimates of the peak story shears, the capacity design estimates of the peak brace forces are quite conservative for the two-story frame, but similar to the 84th-percentile results for the six-story and 12-story frames. The capacity design estimates correctly capture that the force is larger at the upper level of the two-story frame than at the lower level. The estimates also correctly capture the reduction in peak brace forces that occurs below midheight of the six-story and 12-story frames because of the properties of the second mode, despite not requiring a modal analysis of the frame.
The left side of Fig. 6 shows the peak story shears during the MCE suite of records for the frames with multiple mechanisms. For the six-story frame, the 84th-percentile peak base shear was reduced by 40% by adding an upper rocking joint, and the shears were reduced elsewhere in the frame as well. The design method was conservative, predicting peak shears that exceeded the 84th-percentile response from the numerical analyses. For the 12-story frame with two rocking sections, the 84th-percentile base shear was reduced by 42% relative to the system with rocking at the base only; a 41% reduction was achieved by using a SCED brace at the first story. The design method was less conservative than intended at the fourth and fifth stories for the 12-story frame with two rocking joints and at most levels of the 12-story frame with SCED braces. For all three systems, adding higher mode mitigation greatly reduced the record-to-record variability of the shear force envelopes relative to the systems that relied on base rocking alone to limit the forces.
The right side of Fig. 6 shows a commensurate reduction in peak brace compressive forces when higher mode mitigation is used. The proposed design method for frames with two rocking sections produces conservative estimates of the 84th-percentile peak brace compression forces at most levels. For frames with a SCED brace at the first story, the proposed design method is less conservative but still produces reasonable estimates of the peak brace forces at most levels. 
Overturning Moments and Column Forces
The left side of Fig. 7 shows the peak overturning moments during the MCE suite of records for the frames with rocking at the base only, calculated from the member forces. The base overturning moment is not influenced by the higher modes, and it was slightly overestimated for all three frames by assuming the maximum possible forces in the posttensioning and energy-dissipation elements. For the two-story frame, the capacity design envelope is only slightly larger than the 84th-percentile envelope. The second mode could have been neglected without a pronounced influence on the capacity design forces. For the taller frames, the design envelope tends to slightly overestimate the 84th-percentile moments in the lower half of the frame and to slightly underestimate them in the upper half. However, the agreement is considered to be good, considering the simplicity of the design approach.
During design, the frame overturning moments were assumed to be carried by a column axial force couple. The columns also carry compression due to the posttensioning force and the self-weight of the frame. The right side of Fig. 7 shows that the capacity design estimates are conservative relative to the 84th-percentile results for all three frame heights. These design forces are more conservative than the peak moments because of the conservative design assumption that the posttensioning reaches its ultimate strength and because the design forces are based on the maximum overturning Fig. 9 . Peak interstory drifts and base rotations during DBE and MCE records: (a) six-story frame with two rocking joints; (b) 12-story frame with two rocking joints; (c) 12-story frame with SCED braces at first story moment over each story, even though the axial force in each column can change only where braces are connected (i.e., every second story). Despite this conservatism, some records cause peak column compression demands that are well in excess of the estimated demands for the six-story and 12-story frames.
The left side of Fig. 8 shows the peak overturning moments during the MCE suite of records for the frames with higher mode mitigation. Although the peak base overturning moments were similar for frames with and without multiple mechanisms, the moments above the base were reduced by using multiple mechanisms: adding an upper joint reduced the maximum 84th-percentile moments over the heights of the six-story and 12-story frames by 57% and 62%, respectively, while replacing the first-story braces with SCED braces reduced the maximum 84th-percentile moment over the height of the 12-story frame by 36%. When two rocking joints were used, the capacity design envelopes were very conservative relative to the 84th-percentile response. When SCED braces were used at the first story, the capacity design envelope was generally less than one standard deviation on the conservative side of the median response, which was slightly less conservative than intended.
The peak column compressions for the frames with multiple mechanisms are shown on the right side of Fig. 8 . Using multiple mechanisms reduced the maximum 84th-percentile column compression demands over the height by as much as 56%. The capacity design estimates of the peak column forces exceeded the 84th-percentile response with two rocking sections and were generally greater than or close to the 84th-percentile response for the 12-story frame with a SCED brace. The record-to-record variability for peak column compressive forces was substantially reduced by implementing higher mode mitigation. Fig. 9 shows the peak interstory drifts for the frames with higher mode mitigation during the DBE-level and MCE-level records. In general, the peak interstory drifts are larger for the frames with higher mode mitigation than they were for the frames without mitigation [Fig. 8 in Wiebe and Christopoulos (2014) ] because the frames with higher mode mitigation used less steel, resulting in longer periods. For the six-story frame, adding an upper rocking joint increased the maximum of the median peak interstory drifts by 32% at the DBE level and 35% at the MCE level. As a result, the median peak interstory drifts at some levels exceeded the design limits that were set in Part I (Wiebe and Christopoulos 2014) for both suites of ground motions. These results were not captured very well by the single-degree-of-freedom (SDOF) model that was discussed in Part I (Wiebe and Christopoulos 2014) because that model did not allow for any rotation at the upper rocking joint. In addition, the SDOF model assumed that the supplemental energy dissipation had an elastic-perfectly-plastic response, whereas these analyses included the Bauschinger effect.
Peak Interstory Drifts
For the 12-story frame, adding an upper rocking joint increased the maximum of the median peak interstory drifts by 24% at the DBE level and 27% at the MCE level, while replacing the firststory braces with SCED braces increased the maximum of the median peak interstory drifts by 8% at the DBE level and 10% at the MCE level. The median peak interstory drifts for the 12-story frame without higher mode mitigation were much less than the design limits that were set in Part I (Wiebe and Christopoulos 2014) , so the median interstory drifts only exceeded the design limits at the DBE level for the frame with two rocking joints. The median peak base rotations of the 12-story frames with higher mode mitigation were captured reasonably well by the SDOF models that were discussed in Part I (Wiebe and Christopoulos 2014) , using the firstmode periods from the numerical models. Although the SDOF model captures the median DBE-level interstory drifts reasonably well, the maximum of the median peak interstory drifts at the MCE level are about 50% more than the SDOF approximation for both of the 12-story frames with multiple mechanisms. This is because the MCE-level records cause more deformation in the higher mode mitigation mechanisms. Table 2 shows that the SCED braces, which were each designed with an external fuse that activates and reduces the brace stiffness to zero after the brace reaches an elongation of 30 mm, had a median peak elongation of 11.7 mm at the DBE level. At the MCE level, the median brace elongation was 25.0 mm, but the external fuse was activated frequently enough that the 84th-percentile elongation was 55.2 mm. This amount of slip could easily be accommodated by a slotted connection, so it is considered to be consistent with the design intent. The SCED braces were generally effective in limiting the system forces without attracting excessive deformation demand, confirming that the coefficient of 0.25 in Eq. (8) was appropriate for this design. When two rocking joints were used, the 84th-percentile global uplift at the base rocking joint of the six-story frame was 26.5 mm at the MCE level (Table 2) , which was much larger than for the design with rocking only at the base and which may be significant for the design of the energy dissipation device. Nevertheless, the median peak global uplift was less than 1 mm at both rocking joints, which suggests that relaxing Eq. (15) in Wiebe and Christopoulos (2014) did not generally have a detrimental effect on the performance of the system. Fig. 10 shows the residual displacements of the frames with higher mode mitigation. The mean residual displacements of the six-story frame were increased by adding an upper rocking joint [see Fig. 8(b) in Wiebe and Christopoulos (2014) ] because the upper rocking joint was sometimes sufficiently active to yield the posttensioning, reducing the recentering capability. For the 12-story frames with multiple mechanisms, the residual displacements were less than 0.2% for almost all records, but the records that caused residual drifts for the frames with rocking at the base only [Fig. 8(c) in Wiebe and Christopoulos (2014] caused larger residuals or collapse.
SCED Brace Elongation and Global Uplift
Residual Displacements
Conclusion
The peak forces in the members of a controlled rocking steel braced frame may be dominated by the higher modes of seismic response. Higher mode effects are likely to be particularly significant for tall frames, especially if the system is designed with a large forcereduction factor, as recommended in Part I (Wiebe and Christopoulos 2014) . This paper presented a method to estimate the elastic force demands on the elements of a CRSBF, including the influence of higher mode effects. This method can be implemented in a spreadsheet easily, and it can be used for preliminary design purposes because it requires only building properties that are known before a trial design has been developed. This paper validated the proposed capacity design method by applying it to example designs with two, six, and 12 stories. The capacity design method generally captured the 84th-percentile story shears and overturning moments. The method was based on the 84th-percentile spectrum of ground motions, but a different percentile of force demands could be targeted by adjusting the spectrum used. The method was more conservative than intended for the shears in the two-story frame and for translating the overturning moment envelope into column compression forces. Ongoing research seeks to address these issues.
For situations where higher mode effects dominate the design forces, this paper also proposed a new design method for mitigating these effects by using multiple mechanisms. The nonlinear timehistory analyses presented here verified that the peak frame forces can be greatly reduced by using higher mode mitigation. Considering the simplicity of the approach, the proposed method gives a reasonable estimate of the force reduction, although the method was generally more conservative than intended for the frames with two rocking joints and less conservative than intended for the frame with nonlinear braces at the first story. The peak interstory drifts of the frames with multiple mechanisms were generally somewhat more than for the frames with rocking at the base only, but the drifts still satisfied the design limits in most cases. The residual displacements were negligible after most records. However, one record caused the 12-story frame with higher mode mitigation to collapse. This may have been prevented by including a lock-off device to prevent excessive base rotations. Using multiple mechanisms allowed the six-story frame to be designed with 26% less steel than the design with rocking at the base only, while about 40% less steel was needed for the 12-story frames.
All of the designs considered in this paper were based on separating the CRSBF from the gravity load carrying system, such that each CRSBF carried only its own weight. Although this avoids possible amplification of column forces after impact, the connections between the floor and frame systems are critical and should be validated experimentally. The models also assumed that all elements, except the posttensioning and supplemental energy dissipation, responded in the linear elastic range, even though the design forces for the elements were exceeded during approximately 15% of the ground motions. The influence of any inelastic frame behavior was not investigated in this study. Ongoing research seeks Fig. 10 . Residual displacements after DBE and MCE records: (a) six-story frame with two rocking joints; (b) 12-story frame with two rocking joints; (c) 12-story frame with SCED braces at first story to further validate the proposed design methodology by applying it to more buildings, investigating the influence of gravity loads carried by the CRSBF, and modeling the potential nonlinear behavior of frame elements during large events. Further study is also needed to evaluate the initial and life-cycle costs and benefits of implementing CRSBFs.
